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Edited by Miguel De la RosaAbstract The redox potentials (E
0
) of P700 in intact and
diethyl ether-treated thylakoid membranes as well as native pho-
tosystem (PS) I particles from spinach and Thermosynechococ-
cus elongatus have been measured by a spectroelectrochemistry
with an error range of ±2–3 mV. Stepwise removal of antenna
pigments by ether treatment caused distinct shifts of the E
0
va-
lue with increasing degree of water saturation in ether; negatively
from +471 to +428 mV for spinach, but positively from +423 to
+436 mV for T. elongatus. Such a contrasting behavior is dis-
cussed by invoking the mode of action of ether on the microenvi-
ronments around P700.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The primary electron donor of photosystem (PS) I, P700,
consists of a heterodimer of chlorophyll (Chl) a and a 0 (the
C132-epimer of Chl a) [1] and generates a strong reducing
power upon photo-excitation. One of the key factors that drive
PS I photochemistry is the redox potential (denoted by E
0
hereafter) of P700. Until recently, however, the reported E
0
value exhibited a heavy scatter from +375 to +525 mV vs.
SHE [2], due partly to the inaccuracy of potential control in
the conventional chemical redox titration. This problem has
been overcome to a satisfactory extent by the introduction of
a spectroelectrochemical technique using an optically transpar-
ent thin-layer electrode (OTTLE) cell [3–5], where the potential
can be strictly controlled and the redox equilibrium is rapidly
attained in the cell. By such measurements we were able to
determine the E
0
value of P700 to within ±2 mV and demon-Abbreviations: PS I, photosystem I; Chl, chlorophyll; LHC, light-
harvesting complex; OTTLE, optically transparent thin-layer
electrode; HPLC, high-performance liquid chromatography; Pc, plas-
tocyanin; Cyt, cytochrome
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0
value is species-dependent,
being +470 mV for spinach and +423 mV for the trimeric PS I




value of P700 is by as much as 400 mV lower than
that of monomeric Chl a or a 0 in organic solvents [6]. In addi-
tion to such a huge shift, originating mainly in the Chl a/a 0
dimerization, the E
0
value has been supposed to undergo a
subtle change from the microenvironments of the heterodimer,
through electrostatic interaction, hydrogen bonding and
dielectric properties of the surrounding medium or protein net-
work [7–9].
The redox potential of P700 has often been examined for the
so-called PS I preparation, in which peripheral proteins and
antenna pigments are partially removed by treating a sample
with either a detergent or an organic solvent. Ikegami and
coworkers [10–12] succeeded in preparing PS I samples with
a very small number of antenna Chls, by extracting them from
thylakoid membranes or PS I particles of spinach and T. elong-
atus with diethyl ether containing a small amount of water.
They preliminarily reported that the E
0
value for T. elongatus,
as determined by chemical titration, was lowered by ether
treatment, namely by partial removal of antenna Chls. How-
ever, the cause for such a potential shift remains ambiguous
to date.
To elucidate this point, and to systematically study the eﬀect
of diethyl ether treatment (removal of antenna pigments) on
the redox behavior of P700, in this work we have measured
the E
0
value, by the thin-layer cell spectroelectrochemistry,
of intact and ether-treated thylakoid membranes and native
PS I particles (PS I—LHC I for spinach, and PS I trimer for
T. elongatus). The E
0
values for the two species showed a shift
in the opposite direction, and the experimental results are dis-
cussed in terms of a microenvironmental change around P700
due to diethyl ether treatment.2. Materials and methods
2.1. Sample preparation
Thylakoid membranes and PS I samples were prepared from spinach
and T. elongatus according to Wynn and Malkin [13] and our previous
work [14]. For the ether treatment, thylakoid membranes were washed
with a large amount of distilled water, were lyophilized and then ex-
tracted twice with diethyl ether containing water at 0%, 25%, 50%
and 75% saturation, to yield P700-enriched particles. They were washed
twice with a Tris–HCl buﬀer (pH 8.0) containing 10 mM NaCl andblished by Elsevier B.V. All rights reserved.
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with 0.2% DM. After removing insoluble greenish-white materials by
centrifugation, the blue-green supernatant was used for measurements.
Photo-oxidation and chemical re-reduction ensured that P700 was kept
in an active form for all the preparations.
2.2. Sample characterization
The Chl a/P700 molar ratio was determined from oxidized-minus-re-
duced diﬀerence spectra, either through photo- and/or ferricyanide-
oxidation followed by ascorbate-reduction, or electrochemical oxida-
tion/reduction, using the P700 extinction coeﬃcient of 64 mM1 cm1
at 700 nm at around 4 C.
To determine the quantities of Chl a and Chl b in spinach, samples
were analyzed by reversed-phase high-performance liquid chromatog-
raphy (HPLC) [14], and the ratio of Chl a/b in spinach were estimated
in 80% aqueous acetone according to Porra et al. [15].
For the electrochemical oxidation/reduction, the sample particles
were submitted to potentials of +650 and +50 mV for 1 min each.
Absorbance bleaching at around 700 nm and 680 nm was observed
for all the particles. The ratio of Chl/P700 was evaluated by assuming
a common extinction coeﬃcient for P700+ at ca. 700 nm and for PS I
at the Qy band. This procedure yielded the ratio of Chl (a + b)/P700 in
spinach and Chl a/P700 in T. elongatus.
The protein composition was examined by SDS–polyacrylamide gel
(15%) electrophoresis. The samples were dissolved in a 50 mM Tris–
HCl buﬀer (pH 6.8) containing 2% SDS for 10 min at 95 C. The
BWM calibration kit (Amersham Biosciences) was employed for
molecular weight estimation.2.3. Spectroelectrochemistry
The E
0
value of P700 was determined spectroelectrochemically at
4 C by monitoring redox-induced absorbance changes at around
700 nm and 808 nm resulting from accumulation and re-reduction of
P700+. The construction of the OTTLE cell (optical path length: ca.
180 lM, volume: <200 lL) with a gold mesh working electrode, a plat-
inum wire counter electrode and an Ag/AgCl reference electrode was
detailed previously [4]. The electrode potentials are hereafter reported
against the standard hydrogen electrode, SHE (+199 mV vs. Ag/AgCl
in sat. KCl).
Thylakoid membranes or a series of PS I preparations from spinach
and T. elongatus were suspended in a buﬀer solution containing 50 mM
Tris–HCl (pH 8.0), 0.1–0.2 M KCl, 0.3% DM and three redox media-
tors: 10 lM N-methyl phenazonium methosulfate (PMS, E
0
=
+80 mV), 20 lM tetrachlorobenzoquinone (Cl4-BQ, E
0 = +260 mV)
and 150 lM 1,1 0-ferrocene dimethanol (Fc-DM, E
0
= +476 mV).
Water-insoluble mediators (Cl4-BQ and Fc-DM) were added by dilut-
ing a 50-fold concentrated stock solution containing 10% DM.
The ether-treated samples from spinach were sensitive to the ionic
strength of solution; even dipping a normally fabricated salt bridge
into a sample caused its aggregation and thereby hampered the mea-
surement. Hence a salt bridge with 0.1 M (less than 1/80 of normal
concentration) of KCl was used for the ether-treated samples, after
verifying that it exerted a negligible eﬀect on the liquid junction poten-
tial.Table 1
Molecular compositions of thylakoid membranes and PS I preparations fro
Chl (a + b)/P700a (spinach) Chl a/P700d (spin
Thylakoid 374 ± 3 241 ± 8b
Native PS I 131 ± 3 115 ± 3c
0% Sat. 124 ± 2 75, 78
25% Sat. 94.0 ± 3.0 39, 41
50% Sat. 57.2 ± 3.4 28, 27
75% Sat. 19.2 ± 1.5 15, 17
A value with ±S.D. is a mean of 3–5 independent runs. ‘‘Native PS I’’ deno
elongatus.
aQuantiﬁed by electrochemical oxidation/reduction.
bDeduced from 660-nm traces of reversed-phase HPLC.
cQuantiﬁed by photo-oxidation.
dQuantiﬁed by chemical oxidation/reduction.
eEstimated by the method of Porra et al. [14] in 80% aqueous acetone.3. Results
3.1. Characteristics of samples with diﬀerent Chl/P700 ratios
Table 1 summarizes the molecular compositions of thyla-
koid membranes and a series of PS I preparations from spin-
ach and T. elongatus submitted to measurements in the
present work.
The antenna pigments were removed progressively with
increasing water saturation in diethyl ether, as seen in the
Chl a/P700 (spinach) and Chl a/P700 (T. elongatus) molar ra-
tios. As was noted also by Ikegami et al. [11], the antenna pig-
ments in T. elongatus were slightly more resistant to the ether
treatment, resulting in lesser enrichment of P700 than in spin-
ach treated with ether of the same water saturation degree;
roughly 95% Chl molecules were extracted at 75% water satu-
ration for spinach thylakoid membranes, while the ﬁgure was
about 85% for T. elongatus. Chl b molecules bound to light-
harvesting complex (LHC) in spinach PS I were resistant to
dry ether extraction, whereas most of the Chl b molecules were
extracted with ether at 75% water saturation, yielding a sample
with a Chl b/P700 ratio of ca. 2.
Fig. 1 displays visible absorption spectra of the samples pre-
pared. In accordance with the ﬁnding by Ikegami et al. [11],
diethyl ether at higher degree of water saturation preferentially
extracted antenna Chl molecules absorbing at 700–710 nm,
and this tended to shift the absorption maximum of the Qy
band to shorter wavelengths for samples from both species.
For spinach (left column), a clear shoulder band at 650 nm
in thylakoid membranes treated with 0%, 25% and 50%
water-saturated ether is due to Chl b, and the absorbance be-
came insigniﬁcant after treatment with 75% water-saturated
ether, where a marked band at 418 nm originates in cyto-
chrome (Cyt). For T. elongatus (right column), the broad
absorption in the 480–550 nm range in ether-treated thylakoid
membranes might come from carotenoids [16]. The presence of
these impurities in ether-treated samples are in line with the
SDS–PAGE analyses described below.
3.2. Protein composition of PS I preparations
Fig. 2 shows SDS–PAGE patterns of the samples prepared
from spinach and T. elongatus. The pattern for the spinach na-
tive PS I (PS I–LHC I, Lane 7) is almost identical with that in
literature [13], and contains two high molecular weight poly-
peptides (58 and 62 kDa) and several low molecular weight
subunits as well as the entire component of bound electronm spinach and Thermosynechococcus elongatus
ach) Chl a/be (spinach) Chl a/P700a (T. elongatus)
3.1 ± 0.2 109 ± 2b, 110
8.2 ± 0.2 96c, 99c
2.4 ± 0.5 52.2 ± 2.2
2.2 ± 0.5 34.4 ± 1.3
2.1 ± 0.5 26.6 ± 1.4
6.3 ± 0.2 18.1 ± 0.9
tes PS I–LHC I for spinach and PS I trimer for Thermosynechococcus
Fig. 1. Absorption spectra of thylakoid membranes (Thy), native PS I particles (PS I), and thylakoid membranes treated with diethyl ether at
indicated degrees (%) of water saturation, from spinach (left) and Thermosynechococcus elongatus (right).
Fig. 2. SDS–PAGE patterns of thylakoid membranes (Thy), native PS
I particles (PS I), and thylakoid membranes treated with diethyl ether
at indicated degrees (%) of water saturation, from spinach (left) and
Thermosynechococcus elongatus (right).
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made up with several subunits in the 20–23 kDa range, that
binds Chl a and Chl b and functions as an antenna for the reac-
tion center.
The patterns for the ether-treated thylakoid membranes
from both spinach and T. elongatus are similar to those of in-
tact thylakoids. In spinach, the strong bands in the 24–29 kDa
range are characteristic of LHC II, which is absent in the
native PS I complex. A band at around 17 kDa for both
spinach [17] and T. elongatus [1] may correspond to PsaF sub-
unit in PS I or/and PsbV in PS II [18]. Overall, these features of
protein composition ensure that the samples are of sound
nature expected for respective preparation procedures and
treatments.3.3. Redox potential of P700
Subtraction of sample spectra at a potential of +50 mV (re-
duced form of P700) from those kept at +650 mV for 1 min
(fully oxidized form of P700) yielded the oxidized-minus-re-
duced diﬀerence spectra displayed in Fig. 3. The diﬀerence in
the S/N ratio reﬂects the diﬀerence in sample concentration
and the Chl/P700 ratio. The absorbance dips at around
700 nm and 680 nm, characteristic of PS I, ensure that P700 re-
mained active in all the preparations. The gradual shift in the
main-band wavelength, from 701 nm to 696 nm in spinach and
from 702 nm to 695 nm in T. elongatus in response to the pro-
gress of water saturation in diethyl ether (progress of antenna
pigment removal), coincides well with the original ﬁndings by
Ikegami and coworkers [10–12].
For each sample shown in Fig. 3, double-potential-step
chronoabsorptography can be done by monitoring the absor-
bance change at either ca. 700 nm or 808 nm [3,4]. As two typ-
ical examples for spinach monitored at the former wavelength,
the behaviors of (a) intact thylakoid membranes and (b) thyla-
koid membranes treated with 75% water-saturated diethyl
ether are illustrated in Fig. 4. The electrode potential was
switched from +50 mV to a series of positive values and then
back to +50 mV. On the oxidative journey a redox equilibrium
is reached within about 50 s, and on returning the potential
back to +50 mV the initial zero level is restored within 20–
30 s. This indicates that the oxidation of P700 is completely
reversible, and the rapid redox equilibration in such a huge en-
tity as the thylakoid membrane is facilitated by the use of the
mediator, 1,1 0-ferrocene dimethanol with E
0
= +476 mV [3,4].
A cursory inspection of Fig. 4 clearly indicates that the mid-
point potential, corresponding to the E
0
value of P700, is
neatly shallower in ether-treated thylakoid membranes (b)
Fig. 3. Oxidized (+650 mV)-minus-reduced (+50 mV) diﬀerence spectra of P700 for samples submitted to spectroelectrochemistry.
Fig. 4. Absorbance changes for two spinach samples during potential journeys: (a) intact thylakoid membranes monitored at 702 nm and (b)
thylakoid membranes treated with diethyl ether at 75% water saturation, monitored at 696 nm.
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0
values have been
obtained by the Nernstian plots of the chronoabsorptographic
data [3], and are summarized in Fig. 5 for both spinach and T.
elongatus as a function of the Chl a/P700 molar ratio. The E
0
values, being common in native PS I (PS I–LHC I of spinach
and PS I trimer of T. elongatus) and the starting thylakoid
membranes for both organisms, are +471 mV and +423 mV
for spinach and T. elongatus, respectively, in agreement with
a previous report [3].
However, the E
0
values of P700 started to change as the Chl
a/P700 ratio falls below 100 and 50 in spinach and T. elonga-
tus, respectively. An outstanding feature is seen in the direction
of the E
0
value change; negatively to +428 mV for spinach,while positively to +436 mV for T. elongatus. The magnitude
of the potential change is much larger (43 mV) for spinach
than for T. elongatus (13 mV). A possible cause for these ﬁnd-
ings is discussed in what follows.4. Discussion
Though the polypeptide composition in ether-treated sam-
ples of both organisms were similar to those of the correspond-
ing thylakoid membranes (Fig. 2), the ether treatment induced
a blue-shift of the Qy absorption peak by 2–4 nm (Fig. 1), and
an analogous blue-shift by 5–7 nm was observed in their
Fig. 5. Redox potential E
0
of P700 for a series of samples (see Table 1)
from spinach and Thermosynechococcus elongatus as a function of the
Chl a/P700 molar ratio. Data points on the extreme right correspond
to intact thylakoid membranes, and those on the extreme left to
thylakoid membranes treated with diethyl ether at 75% water
saturation.
Y. Zhang et al. / FEBS Letters 582 (2008) 1123–1128 1127oxidized-minus-reduced diﬀerence spectra (Fig. 3). These dem-
onstrate that the microenvironment of Chl a and/or P700
underwent a change by ether treatments.
On the other hand, the E
0
value of P700 showed a contrast-
ing change as detailed above. The potential shift for T. elong-
atus could not have been caused by disintegration of the
trimeric architecture during the ether treatment, since a sepa-
rate experiment showed that the E
0
values of T. elongatus were
practically the same for monomeric and trimeric PS I particles
(data not shown).
The similarity in the protein compositions between ether-
treated samples and thylakoid membranes (Fig. 2) suggests
that the protein subunits did not undergo a drastic change
by ether-extraction of Chl molecules. Further, since the amino
acid residues in PsaA and PsaB subunits, especially those sur-
rounding P700, are essentially the same between spinach and
T. elongatus [1], diethyl ether treatment would cause a similar
eﬀect on samples from both species. This presumption may be
corroborated by a similar change on the microenvironment for
the two species caused by diethyl ether, as speculated from the
wavelength shift in the absorption and oxidized-minus-reduced
diﬀerence spectra (Figs. 1 and 3). These might rule out a pos-
sibility that the E
0
value shift arises from structural changes of
PsaA/B subunits.
The redox potential is a measure of electronic energy diﬀer-
ence between the neutral ground state and the oxidized state of
P700, and a shift in the potential means a change in the elec-
tronic energy of either or both states. The energy level of the
oxidized state could be inﬂuenced by electrostatic eﬀects such
as permanent dipoles, charges and polarizability of the sur-
rounding amino acid residues. Though hydrogen bonding
could stabilize the neutral ground state [9], its eﬀect on the
E
0
value would not be relevant in the present case because
the amino acid residues surrounding P700 are practically the
same between spinach and T. elongatus [1].
As we pointed out previously [3], one of the remarkable dif-
ferences between spinach and T. elongatus is the nature of the
P700+-reducing protein. Eukaryotic PS I uses a Cu–protein
plastocyanin (Pc) which, via electrostatic interaction, forms a
tightly complexed intermediate with the N-terminus of PsaF;
while prokaryotic PS I employs Cyt c6 that does not form such
an intermediate ([1,3,19] and literature cited therein). The elec-trostatic attraction of a soluble donor protein requires the core
site of PS I in prokaryotic organisms, whereas it is driven by
the positively charged PsaF subunit in eukaryotic organisms
[19].
In contrast to T. elongatus, the ether-treated samples of spin-
ach were vulnerable to the ionic strength of solution. A possi-
ble explanation for this phenomenon may be a decrease in the
electric charge of protein residues ([19] and literature cited
therein) after the ether treatment, particularly at high water
saturation. If this is the case, the Pc-binding site in spinach
PS I, consisting of several charged residues around Tyr83,
might have been changed drastically by ether treatment. In
the case of T. elongatus, however, previous work on a cyano-
bacterium showed that deletion of PsaF did not inﬂuence the
kinetics of electron donation to P700+ from Cyt c6 [20]. Pro-
vided the structure of Pc- and Cyt c6-binding sites around
P700 undergo a change in a diﬀerent manner by ether treat-
ment, the opposite direction of the E
0
value shift could be ac-
counted for.
Further work is needed to draw a ﬁnal conclusion on the
cause(s) for the E
0
value shift toward opposite directions for
spinach and T. elongatus. One of the clues may be obtained
through a systematic study on the P700 redox potentials for
a series of oxygenic photosynthetic organisms: a preliminary
result suggests that the E
0
value exhibits a fairly good correla-
tion with the nature of P700+-reducing protein used by each
organism (unpublished results).Acknowledgements: This work was supported partly by a Grant-in-Aid
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